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We explore the possibility that the Fast Radio Bursts (FRBs) are powered by magnetic recon-
nection in magnetars, triggered by Axion Quark Nugget (AQN) dark matter. In this model, the
magnetic reconnection is ignited by the shock wave which develops when the nuggets’ Mach number
M  1. These shock waves generate very strong and very short impulses expressed in terms of pres-
sure ∆p/p ∼M2 and temperature ∆T/T ∼M2 in the vicinity of (would be) magnetic reconnection
area. We find that the proposed mechanism produces a coherent emission which is consistent with
current data, in particular the FRB energy requirements, the observed energy distribution, the fre-
quency range and the burst duration. Our model allows us to propose additional tests which future
data will be able to challenge.
I. INTRODUCTION
Fast Radio Bursts (FRBs) are bright milliseconds du-
ration radio bursts, characterized by Janky-level flux
densities and high dispersion measures well above the
expected Milky Way contributions [1, 2]. These high
dispersion measures, along with many other observa-
tional evidence, suggest that they are at cosmological
distance (see [3] for a review). So far, only one FRB
was found to be repeating (FRB121102, see [4]), and re-
cent multi-observatory observations unambiguously as-
sociated it with a star forming dwarf galaxy at redshift
z=0.193 with a precision of 0.1” [5–7], therefore there is
little doubt that FRBs are cosmological, and we will as-
sume this to be the case throughout this work. Using
data from the repeating FRB121102, [8] showed that the
energy distribution dN/dEiso is given by:
dN
dEiso
∼ E−1.7iso , Eiso ∈ (1037, 1040) erg, (1)
According to [8], this slope is indicative of a fundamen-
tal underlying physical process, because it is seen by the
multi-frequency campaigns performed on FRB121102 us-
ing VLA, GBT and Arecibo, even though the burst rate
varies by order of magnitudes between observing cam-
paigns. All other known FRBs are single bursts, and
whether there is any similarities in the physical processes
powering them, and the repeating one, is not established.
Despite the unknown nature of FRBs, their likely cos-
mological origin implies radiated isotropic energies at the
level of ∼ 1040 erg, corresponding to a very high bright-
ness temperature> 1035 K, well above the Compton limit
of 1012 K. Consequently, it is likely that the emission
mechanism involves some sort of coherent radiation from
”bunches” or ”patches” of accelerated charges. Many
progenitor models have been proposed, e.g. [9–14] to
cite a few, all cosmological solutions invoke a coherent
radiation mechanism. The detailed physical processes by
∗ waerbeke@phas.ubc.ca
† arz@physics.ubc.ca
which the coherent emission takes place was discussed in
[15, 16]. Their conclusion is that the antenna curvature
mechanism is the favored process. A strong magnetic
field (B > 1014 G), typical of magnetars, is necessary,
because only then, the electrons in bunches are forced to
move collectively along the magnetic field lines, confined
in the ground state Landau level and emit coherently for
a short period of time.
Current data on FRBs involve energetics, frequency
signature, coherence, burst duration and repetition (for
FRB121102) and polarization. Proposed models succeed
in explaining a subset of constraints, but not the collec-
tive data. This situation suggests that FRBs are either
have a multi-sources origin or that they represent a new
type of phenomena.
In this paper, we explore the possibility that an alter-
native model of Dark Matter, the Axion Quark Nuggets
(AQNs), originally suggested in [17], could be at the ori-
gin of FRBs. AQNs are composite objects of standard
quarks in a novel phase, an idea which goes back to quark
nuggets [18], strangelets [19], and nuclearities [20] (see
also review [21] which has a large number of references
on the original results). In the early models [18–21] the
presence of strange quarks stabilizes the quark matter
at sufficiently high densities, allowing strangelets being
formed in the early universe to remain stable over cosmo-
logical timescales. Most of the original models were found
to be inconsistent with some observations, but the AQN
model was built on different ideas, involving the Axion
field, and has not been ruled out so far. In this paper,
we quantify the consequences of AQNs falling on a highly
magnetized neutron star, and find that it would exhibits
an electromagnetic signature similar to the known prop-
erties of FRBs. The idea that FRBs could be explained
by dark matter falling on a neutron star has been ex-
plored by [22], but in a context where dark matter are
magnetic dipoles that originate from symmetry breaking
at the grand unification energy scale.
To some extend, the physics in our proposal is very
similar in spirit to the recent studies [23–25], where the
authors have proposed that AQNs falling on the Sun
could contribute to the solar corona heating and act as
the triggers igniting the magnetic reconnections which
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2generate the giant solar flares. In the case of FRBs, the
central object is a neutron star, and all physical param-
eters are drastically (many orders of magnitude) differ-
ent than for the Sun. However, there are two elements
the giant solar flares and FRBs have in common in our
framework. First of all, in both cases these events are
triggered by AQNs. Secondly, in both cases the released
energy has its source in the magnetic reconnection. Only
the environment is vastly different in these two cases.
However, the common origin of these two phenomena in
our framework leads to unambigous prediction that the
exponents in the energy distribution for FRBs (1) and
for solar flares must be numerically very similar. We will
show that this is indeed the case.
The paper is organized as follows. In Section 2 we
review the AQN dark matter model, in Section 3 we dis-
cuss the aspects of AQNs going through the Solar corona
and flare triggering which are relevant to this study. In
Section 4 we develop our proposal following the magnetic
reconnection theory for neutron star environment. Lot of
the theoretical development has already been suggested
in [15, 16]. Section 5 we compare the results of our pro-
posal with existing data before concluding in Section 6.
II. AXION QUARK NUGGET (AQN) DARK
MATTER MODEL
AQN model stands for the axion quark nugget model,
see the original work [17] and a short overview [26] with
a large number of references on the original results re-
flecting different aspects of the model. The AQN model
is drastically different from previous similar proposals in
two key aspects:
1. There is an additional stabilization factor in the AQN
model provided by the so-called N = 1 axion domain
walls which are copiously produced during the QCD tran-
sition.
2. The AQN could be made of matter as well as antimat-
ter in this framework as a result of separation of charges,
see recent papers [27–29] for technical details.
The most important implication for the present studies
is that quark nuggets made of antimatter store a huge
amount of energy that can be released when the anti-
nuggets from outer space hit a star and are annihilated
in the star’s atmosphere. This feature of the AQN model
is unique because, unlike any other dark matter models,
AQNs are made of the same quarks and antiquarks of the
standard model (SM) of particle physics. One should also
remark that the annihilation of anti-nuggets with visible
matter may produce a number of other observable effects
such as rare events of annihilation of anti-nuggets with
visible matter in the centre of galaxy, or in the Earth
atmosphere, see references on the original computations
in [26] and a few comments at the end of this section.
The basic idea of the AQN proposal can be explained
as follows: It is commonly assumed that the Universe
began in a symmetric state with zero global baryonic
charge and later (through some baryon number violating
process, the so-called baryogenesis) evolved into a state
with a net positive baryon number. As an alternative
to this scenario we advocate a model in which “baryoge-
nesis” is actually a charge separation process when the
global baryon number of the Universe remains zero. In
this model the unobserved antibaryons come to comprise
the dark matter in the form of dense nuggets of quarks
and antiquarks in colour superconducting (CS) phase.
The formation of the nuggets made of matter and anti-
matter occurs through the dynamics of shrinking axion
domain walls, see original papers [27, 28] for technical
details.
The nuggets, after they form, can be viewed as strongly
interacting and macroscopically large objects with a typ-
ical nuclear density and with a typical size R ∼ (10−5 −
10−4)cm determined by the axion mass ma as these two
parameters are linked, R ∼ m−1a . It is important to em-
phasize that there are strong constraints on the allowed
window for the axion mass: 10−6eV ≤ ma ≤ 10−2eV,
see original papers [30–36] and reviews [37–44] on the
theory of the axion and recent progress on axion search
experiments.
This axion window corresponds to the range of the
nugget’s baryon charge B which largely overlaps with all
available and independent constraints:
1023 ≤ |B| ≤ 1028, (2)
see e.g. [26, 45] for reviews. The corresponding mass M
of the nuggets can be estimated as M ∼ mpB, where
mp is the proton mass. The lower bound comes from
the fact that axions with mass less than 10−6eV would
produce too much dark matter and conflict with cosmo-
logical constraints. The upper bound comes from as-
trophysical constraints: if axions are more massive than
10−2eV, radiative cooling of white dwarfs and supernova
SN1987A would exceed observations.
We should comment here that the axion’s contribution
to the dark matter density scales as Ωaxion ∼ m−7/6a .
This scaling unambiguously implies that the axion mass
must be fine-tuned ma ' 10−6 eV to saturate the DM
density today while larger axion mass will contribute very
little to ΩDM. In contrast, the AQN’s contribution to
ΩDM is not sensitive to the axion massma and always sat-
isfies the condition (3). It is expected that all three dis-
tinct production mechanisms (misalignment mechanism,
topological defect decays and the AQN production) will
be operational during the QCD transition as discussed in
details in [29]. However, only the AQN production mech-
anism will always satisfies (3) irrespectively to the axion
mass, while other mechanisms will be subdominant for
sufficiently large axion mass ma ≥ 10−4 eV.
We should note that within the mass range (2), di-
rect detection of the AQNs is not possible with con-
ventional particle detectors designed for WIMP (Weakly
interacting Massive Particle) searches because the aver-
age impact rate is approximately one AQN per year per
km2. At the same time, the detectors with a large area
3designed for analyzing of the high energy cosmic rays,
such as Pierre Auger Observatory and Telescope Array
in principle, are capable to study AQNs, see [26] for short
overview.
The AQN model is perfectly consistent with all known
astrophysical, cosmological, satellite and ground based
constraints within the parametrical range for the mass
M and the baryon charge B mentioned above (2). It is
also consistent with known constraints from axion search
experiments. Furthermore, there is a number of fre-
quency bands where an excess of emission was observed,
but not explained by conventional astrophysical sources.
The AQN model explains some portion, and may even
explain the entire excess of radiation in these frequency
bands, see short review [26] and additional references at
the end of this section.
Another key element of the AQN model is that the co-
herent axion field θ is assumed to be non-zero during the
QCD transition in early Universe. As a result of these
CP violating processes, the number of nuggets and anti-
nuggets being formed is different. This difference is an
order of one effect [27, 28], irrespective to the axion mass
ma or initial angle θ0. As a result of this disparity be-
tween nuggets and anti nuggets, a similar disparity would
also emerge between visible quarks and antiquarks, which
would survive until present day. This is precisely the rea-
son why the resulting visible and dark matter densities,
while being different, have the same order of magnitude
[27, 28]
Ωdark ∼ Ωvisible (3)
as they are both proportional to the same fundamental
ΛQCD scale, and they both originate at the same QCD
epoch. If these processes are not fundamentally related,
the two components Ωdark and Ωvisible could easily exist
at vastly different scales.
Unlike conventional dark matter candidates, such as
WIMPs the matter and antimatter nuggets are strongly
interacting macroscopically large objects. However, they
do not contradict any of the many known observational
constraints for cold dark matter or antimatter in the Uni-
verse due to the following reasons [46]: They carry very
large baryon charge |B| & 1023, so their number density
is very small (∼ B−1). As a result of this unique fea-
ture, their interaction with visible matter is highly ineffi-
cient, and therefore, the AQNs perfectly qualify as Cold
Dark Matter candidates. Furthermore, the AQNs have
very large binding energy due to the large gap ∆ ∼ 100
MeV in CS phases. Therefore, the baryon charge is so
strongly bounded in the core of the nugget that it is not
available to participate in big bang nucleosynthesis (bbn)
at kBT ≈ 1 MeV, long after the nuggets were formed.
Therefore, it does not modify conventional bbn physics.
In fact, it may help to resolve the so-called “Primordial
Lithium Puzzle”, see below.
It should be noted that the galactic spectrum contains
several excesses of diffuse emission of unknown origin, the
best known example being the strong galactic 511 keV
line. The parameter 〈B〉 ∼ 1025 was fixed in this proposal
by assuming that this mechanism saturates the observed
511 keV line [47, 48], which resulted from annihilation of
the electrons from visible matter and positrons from anti-
nuggets. Other emissions from different frequency bands
are expressed in terms of the same parameter 〈B〉, and
therefore, the relative intensities are unambiguously and
completely determined by the internal structure of the
AQNs which is described by conventional nuclear physics
and basic QED, see [26] for a short overview with refer-
ences on specific computations of diffuse galactic radia-
tion in different frequency bands.
Another place where AQN model may lead to some ob-
servable effects is study of possible extra emission which
may occur at earlier times and may be observable today.
In fact, the recent EDGES observation of a stronger than
anticipated 21 cm absorption [49] can naturally find its
explanation within the AQN framework as recently ad-
vocated in [50]. The basic idea is that the extra thermal
emission from AQN dark matter at z ' 17 produces the
required intensity (without adjusting of any parameters)
to explain the recent EDGES observation.
Last, but not least. The AQN model may offer a very
natural resolution of the so-called “Primordial Lithium
Puzzle” as recently argued in [51]. This problem has
been with us for at least two decades, and conventional
astrophysical and nuclear physics proposals could not re-
solve this longstanding mystery. In the AQN framework
this puzzle is automatically and naturally resolved with-
out adjusting any parameters assuming the same window
(2) for the baryon charge of the nuggets, as argued in [51].
This resolution represents yet another, though indirect,
support for this new AQN framework.
III. AQNS AS SOLAR FLARES TRIGGERS
In this section we overview the basic results from [24]
which argued that the AQNs play the role of triggers for
Solar flares. We want to avoid a possible confusion be-
tween the large flares when the AQNs play an auxiliary
role sparking the large (but rare) events in form of flares
and the AQNs when they play the principle role of the
heating corona with emission of the EUV radiation as
studied in [23, 25]. In former case the dominant portion
of the energy comes from magnetic field in active regions
of the Sun, while in later case the energy for each event
(which are identified with solar nanoflares) is a result of
annihilation of the AQNs in corona. The corresponding
events (nanoflares) are uniformly distributed over the so-
lar surface and with the frequency of appearance which
depends very modestly on a specific time during a so-
lar cycle. It should be contrasted with large solar flares
which are very rare energetic events, and which are orig-
inated exclusively in active regions with large magnetic
field. The corresponding frequency of appearance may
vary by factor of 100 during the solar cycle.
It turns out that if one computes the extra energy be-
4ing produced within the AQN dark matter scenario, one
obtains the total extra energy due to the AQN annihi-
lation events on the level ∼ 1027erg/s which reproduces
the observed EUV and soft x-ray intensities [23, 25]. One
should add that the estimate ∼ 1027erg/s for extra en-
ergy is derived exclusively in terms of the known dark
matter density ρDM ∼ 0.3 GeV · cm−3 surrounding the
sun without adjusting any parameters of the model.
The AQNs entering the Solar Corona activate the mag-
netic reconnection of preexisting magnetic configurations
in active regions (distributed very non-uniformly). Tech-
nically the effect occurs due to the shock waves which
form as the typical velocity of the nuggets v ∼ (600 −
800) km/s in the vicinity of the surface, is well above the
speed of sound, v/cs  1. The energy of the flares in
this case is determined by the preexisted magnetic field
configurations occupying very large area in active region,
while the relatively small amount of energy associated
with initial AQNs plays a minor role in the total energy
released during a large flare. First, we list the key ele-
ments of this framework which will be crucial in our pro-
posal on the nature of FRBs to be formulated in section
IV.
1. AQNs entering the solar corona will inevitably gen-
erate shock waves as the speed of sound cs is smaller
than the typical velocities v of the dark matter particles
(Mach number M = v/cs > 1);
2. When the AQNs (distributed uniformly) enter re-
gions with a strong magnetic field, they trigger magnetic
reconnection of preexisted magnetic fluxes in active re-
gions;
3. Technically, the AQNs are capable sparking mag-
netic reconnections due to the large discontinuities of the
pressure ∆p/p ∼ M2 and temperature ∆T/T ∼ M2
when the shock front passes through the magnetic re-
connection regions;
4. The energy of the flares Eflare ∼ L2⊥ is powered
by the magnetic field occupying very large area ∼ L2⊥ in
active regions;
5. The above mechanism, with few additional assump-
tions, predicts that the number of flares dN(Eflare) with
energy of order Eflare scales as dN ∼ E−1flare, consistent
with observations;
6. This proposal naturally resolves the problem of
drastic separation of scales when a class-A pre-flare (mea-
sured by X-rays) lasts for seconds, a flare itself lasts about
an hour, while the preparation phase of the magnetic con-
figurations (to be reconnected during the flare) may last
months. These three drastically different time-scales can
peacefully coexist in our framework because the trigger
is not an internal part of the magnetic reconnection’s dy-
namics.
We now elaborate on a few elements from this list to
emphasize the most important fundamental features that
will apply to AQNs as triggers for FRBs.
A. AQNs and shock waves in plasma
We start our overview with estimations of the speed of
sound cs in the corona at T ' 106K,(cs
c
)2
' 3Γ kBT
mpc2
, cs ' 2 · 10−4c ·
√
T
105 K
(4)
cs ' 0.6 · 107
√
T
105 K
·
(cm
s
)
,
where Γ = 5/3 is a specific heat ratio, c is the speed of
light, kB the Boltzmann constant and we approximate
the mass density ρp of plasma by the proton’s number
density density n as follows ρp ' nmp. The crucial ob-
servation here is that the Mach numberM is always much
larger than one for a typical dark matter velocities1:
M ≡ vAQN
cs
' 10
√
105 K
T
 1. (5)
As a result, a strong shock waves will be generated when
the AQNs enter the solar corona. In the limit when the
thickness of the shock wave can be ignored, the corre-
sponding formulae for the discontinuities of the pressure
p, temperature T , and the density ρp are well known and
given by, see e.g. [52]:
ρp2
ρp1
' (Γ + 1)
(Γ− 1) ,
p2
p1
'M2 · 2Γ
(Γ + 1)
T2
T1
'M2 · 2Γ(Γ− 1)
(Γ + 1)2
, M  1, (6)
where we assume M  1 and keep the leading terms only
in the corresponding formulae.
B. Magnetic reconnection ignited by the shock
waves
The Alfve´n velocity vA assumes the following typical
numerical values in the corona environment
vA
c
=
B
c
√
4piρp
∼
( B
100 G
)
·
√
1010 cm−3
n
∼ 2 · 10−3 (7)
vA ' 600 km
s
.
One can introduce the Alfve´n Mach number MA which
plays a role similar to the Mach number:
MA ≡ vAQN
vA
. (8)
1 A typical velocity of the nuggets vAQN when they enter the solar
atmosphere is few times larger than the velocity v computed far
away from the Sun as mentioned in footnote 15.
5Numerically, MA could be larger or smaller than unity
depending on the numerical values of the density n and
the magnetic field B. In what follows we assume that
some finite fraction of the nuggets will have MA > 1,
similar to our assumption that M  1. In this case one
should expect that very fast shock develops which may
trigger the large flare.
The idea that the shock waves may drastically increase
the rate of magnetic reconnection is not new, and has
been discussed previously in the literature [53], though
a quite different context: it was applied to interstel-
lar medium in the presence of a supernova shock. [53]
showed that the shock waves may trigger and ignite suf-
ficiently fast reconnections2. The new element which was
advocated in [24] is that the small shock waves resulting
from entering AQNs are widespread and generic events in
the solar corona. If the nuggets enter the active regions
of strong magnetic field, they may ignite large flares due
to magnetic reconnections. This is precisely the correla-
tion which has been observed in [60], and which was the
main motivation for proposal [24].
The key elements suggesting that the fast shock wave
may drastically modify the rate of magnetic reconnection
is based on observation that the pressure, the temper-
ature and the magnetic pressure may experience some
dramatic changes when the shock wave approaches the
reconnection region. To be more precise, the formulae
(6) must be modified in the presence of a magnetic field
[52]: One should replace pi → p∗i , where p∗i ≡ pi + B
2
i
8pi to
account for the magnetic field pressure.
C. Geometrical interpretation of the scaling
dN ∼ E−αdE
In this subsection we overview the arguments presented
in [24] that the observed scaling dN ∼ E−αdE of the
flare’s frequency appearance as a function of the energy E
can be interpreted in geometrical terms within the AQN
scenario. The observational data can be described suffi-
ciently well with a single exponent α ' 2 covering vastly
different energy scales covering 12 orders of magnitude,
including nanoflares, microflares, solar flares, and even
superflares, see e.g. Fig 1 adopted from review [58].
It is convenient to represent the same scaling behaviour
by integrating formula dN ∼ E−αdE over energy dE (to
be more specific, let us say from E to 2E) to represent it
2 Furthermore, the 2d MHD simulations [53] show that a large
number of different phenomena, including SP reconnection [54,
55], Petschek reconnection [56, 57], tearing instability, formation
of the magnetic islands, and many others, may all take place at
different phases in the evolution of the system, see also reviews
[58, 59].
in the following form
N(E) ' C
(
E0
E
)
for α ' 2 and E ' (1026−1032) erg,
(9)
where we keep the energetic window corresponding to mi-
croflares and flares. The coefficient C ∼ 104 flares/year
is a normalization factor that can be determined from the
observations. The dimensional parameter E0 ' 1026 erg
is a part of this normalization’s convention. In these no-
tations the N(E) ∼ E−1 represents the number of flare
events per year with energy of order E. Can we interpret
this scaling within the AQN framework? The answer is
yes, and the argument goes as follows.
The probability that a shock wave cone with size ∼ R2
passes through a much larger sunspot area L2⊥ is pro-
portional to suppression factor (R/L⊥)2. The same
sunspot area L2⊥ also enters the expression for the vol-
ume Vflare = (L
2
⊥Lz) in active region, which describes the
total magnetic energy potentially available for its trans-
ferring into the flare heating as a result of magnetic re-
connection. Assuming that a typical averaged magnetic
field B over the entire regions and the relevant height
Lz of the solar atmosphere are external parameters with
respect to the magnetic reconnection dynamics, one can
infer that the energy of the flare scales as Eflare ∼ L2⊥,
while the probability to ignite the magnetic reconnection
in area L2⊥ is proportional to (R/L⊥)
2 ∼ E−1flare, as dis-
cussed above. Therefore, the observed relation (9) in our
framework has a pure geometrical interpretation, as the
frequency N of appearance of a flare with energy of order
Eflare scales
3 as N ∼ L−2⊥ ∼ E−1flare.
As these arguments are purely geometrical in nature,
and do not depend on specific features of a star, they can
be applied to any system, including a NS, when the cor-
responding explosion-like flare is sparked by AQNs. As
will be argued in next section, the corresponding event
in a NS will be identified with FRBs. The immediate
consequence of this identification is that the frequency
of appearance of the FRBs must follow the same scaling
dN ∼ E−2dE discussed above. As we reviewed in Intro-
duction (see (1) this scaling with α ' 1.8 is consistent
with our oversimplified geometrical interpretation, and
almost identically coincides with data shown on Fig.1
with α ' 1.8 representing the solar flare’s observations.
IV. AQNS AS THE TRIGGERS FOR THE FAST
RADIO BURSTS
We want to present some arguments suggesting that
the observed FRB explosions are a result of magnetic
3 It is quite obvious that there is a number of corrections which
may modify our theoretical prediction (from α ' 2 to the ob-
served scaling with α ' 1.8 shown in Fig.1). We shall not elab-
orate on possible causes for the deviations in this paper as it is
well beyond the scope of the present work.
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FIG. 1. Energy distributions for all types of solar flares; microflares, nanoflares and superflares. The plot is adopted from [58].
reconnections in NS, similar to conventional views that
solar flares are due to the magnetic reconnections in ac-
tive Sun regions. In both cases the energy of the explo-
sions is powered by existing magnetic fields. The idea
that FRBs are a result of magnetic reconnection in NS
was advocated in [15, 16]. The new element proposed in
the present work is that the FRBs are triggered by the
AQN hitting the NS from outer space, similar to their
role in the solar flares. The moment when the AQN is
initiating and activating the magnetic reconnection is the
main subject of the present work. Before we present our
arguments supporting the role of AQNs, we highlight in
subsection IV A the conventional viewpoint on the old
Sweet-Parker (SP) theory of the magnetic reconnection,
its main results and its main problems, and explore how
AQNs can trigger FRBs, using the analogy with solar
flares. We continue in subsection IV B to argue that a
shock wave is likely to develops when the AQN enters
the NS. Finally, in subsection IV C we argue that the
parameters which were postulated in [15, 16] for FRBs
naturally emerge from our framework.
A. Sweet-Parker’s (SP) theory
We start by introducing the most important parame-
ters of the problem:
S =
LvA
χm
, vA =
B√
4pih
, χm =
c2
4piσ
(10)
h =
c2ρp + B2/(4pi)
c2
' B
2
4pic2
where S is the so-called the Lundquist number, L is the
typical size of the region which will host the reconnection,
vA is Alfve´n velocity, ρp is the plasma’s mass density, χm
is the magnetic diffusivity, and finally σ is the electrical
conductivity of the plasma. We also note that the defini-
tion for Alfve´n velocity is given in terms of enthalphy h
rather than in conventional way in terms of mass density
ρp. This is because vA ∼ c is close to the speed of light in
NS environment when the term B2 is large, and cannot
be ignored. Such a definition for vA is a common practise
in NS physics, dynamics of the relativistic jets, and other
areas when vA ∼ c (see e.g. [61]).
The most important parameter for our future estimates
is the dimensionless parameter S. For typical coronal
conditions, S ∼ (1012 − 1014). For the NS environment
the parameter S could be event larger S ∼ (1017− 1020),
because χm is many orders of magnitude smaller for NS
environment in comparison with the solar environment.
These large numerical values for both systems play an
important role in our arguments related to the speed of
7the magnetic reconnection and its relation to the SP the-
ory.
The original ideas on magnetic reconnection was for-
mulated by [54] and [55]. Using simple dimensional ar-
guments, Sweet and Parker (SP) have shown that the re-
connection time τrec is quite slow and expressed in terms
of the original parameters of the system as follows:
τA
τrec
∼ 1√
S
, τA ≡ L
vA
,
uin
uout
∼ 1√
S
(11)
l
L
∼ 1√
S
, τrec ∼ L
uin
where uin is the velocity of reconnection between oppo-
sitely directed fluxes of thickness l, and uout ∼ vA is
normally assumed to be of order of the Alfve´n velocity.
The scaling relations (11) predicted by the SP theory
are insufficient to explain the reconnection rates observed
in the corona due to the very large numerical values of
S ∼ (1012 − 1014). The next step to speed up the re-
connection rate has been undertaken in [56] with some
important amendments in [57] where it was argued that
the reconnection rate could be much faster than the orig-
inal formula (11) suggests. However, some subtleties re-
mained in the proposal [56, 57]. Furthermore, the nu-
merical simulations reproduce conventional scaling for-
mulae (11) at least for moderately large S . 104. In the
last 10-15 years a large number of new ideas have been
pushed forward. It includes such processes as plasmoid-
induced reconnection, fractal reconnection, to name just
a few. It is not the goal of the present work to analyze
the assumptions, justifications, and the problems related
to proposals [54–57], and we refer to the recent review
papers [58, 59] for recent developments and relevant dis-
cussions on these matters. We are only underlying that
AQNs acting as triggers (through shock waves) can dras-
tically speed up the reconnection as reviewed in previous
section, and provide a physical context consistent with
the ideas of [15, 16]. Similarly, as shown in [53], the
shock waves may trigger and ignite (in very different cir-
cumstances) sufficiently fast reconnections (see footnote
2 for references and details). There are few important
parameters which control the dynamics of the system:
in addition to S it is convenient to introduce another
dimensionless parameter β which determines the impor-
tance of the magnetic pressure in comparison with the
gas pressure,
β ≡ 8pipB2 ∼ 10
−14
( n
1018 cm−3
)
·
(
kBT
1 MeV
)
·
(
1014 G
B
)2
,
(12)
where for numerical estimates we use the parameters for
NS environment relevant for FRBs, which are required for
the observations to be consistent with the idea that FRBs
are powered by magnetic reconnections as discussed in
[15, 16]. Specifically, the number density n ∼ 1018 cm−3
and typical magnetic field B ∼ 1014 G have been esti-
mated in [15, 16] by analyzing the observational FRB’s
properties. The density n corresponds to the electron
number density in the region where the magnetic recon-
nection is expected to occur in the NS atmosphere. The
parameter β in (12) is much smaller for the NS environ-
ment in comparison with the β ∼ 10−2 in the solar corona
(due to drastically stronger magnetic field in NSs). One
should emphasize that parameter β as estimated in (12)
represents some average global characteristic of the sys-
tem. Locally, parameter β may drastically deviate from
(12) due to strong variation of the magnetic field in vicin-
ity of the magnetic reconnection area, see some comments
at the end of section IV B.
Another important parameter in our discussions is the
speed of sound cs in the region of the NS atmosphere
where the reconnection might occur at kBT ∼ 1 MeV
and n ∼ 1018 cm−3. The electrons at this temperature
are relativistic as T ∼ me. However, the protons remain
to be non-relativistic, and we assume that the proton’s
density, on average, is the same order of magnitude as the
electron’s density n. With this assumption we estimate
the speed of sound, similar to (4) as follows:
(cs
c
)2
∼ 3Γ kBT
mpc2
, cs ' 7 · 10−2c ·
√
kBT
1 MeV
. (13)
One should emphasize that the speed of sound in the
interior of NSs is different from the expression given by
eq. (13). In ultra-relativistic case (which includes the
density colour superconductor phase), it can be explic-
itly computed cs = (1/
√
3)c. As we shall discuss below
the estimate for the speed of sound in NS atmosphere
(13) will play an extremely important role in what fol-
lows because it shows that it is typically smaller than the
velocity of the AQNs entering the NS atmosphere with
vAQN ' c (as discussed in next section, see eq. 18). In
such circumstances a high speed nuggets will generate a
shock wave, which is the key element for our arguments.
B. Mach number and shock waves
First of all we want to demonstrate that the typical
velocity of the AQNs captured by a NS will always be
close to the speed of light, irrespectively of the initial
velocity distribution of the dark matter particles when
“measured” far away from the NS. Indeed, the impact
parameter for capture and crash of the AQNs by the NS
can be estimated as follows,
bcap
RNS
=
√
1 + γNS ' c
v∞
√
2GMNS
RNSc2
(14)
' c
v∞
·
(
106 cm
RNS
)1/2
·
(
MNS
2 M
)1/2
,
where v∞ ' 10−3c is a typical velocity of the nuggets at
a large distance from the star. From (14) one can explic-
itly see that the capture impact parameter ∼ (c/v∞) is
many orders of magnitude larger than RNS. This feature
should be contrasted with the solar system where bcap
8is only few times larger than the solar radius R. One
can estimate a typical longitudinal velocity v‖ (along the
NS’s surface) of a nugget from angular momentum con-
servation as follows,
v‖RNS ' bv∞ ⇒ v‖ ' c
(
b
bcap
)
·
(
106 cm
RNS
)1/2
·
(
MNS
2 M
)1/2
.
(15)
A typical velocity component v⊥ (perpendicular to the
NS surface) can be estimated as a free fall velocity. It
assumes the same order of magnitude as (15), i.e v⊥ '
v‖ ' c, and
v⊥ ' c ·
(
106 cm
RNS
)1/2
·
(
MNS
2 M
)1/2
. (16)
In what follows it is more convenient to parametrize the
velocity of an AQN when it enters the NS atmosphere
in terms of the proper ηµ velocity and 4-momentum pµ
defined in the usual way:
ηµ = γ(c,~v), γ = 1/
√
1− v2/c2, pµ =M0 · ηµ,
(17)
where M0 ' mpB is the AQN’s rest mass expressed
in terms of the proton mass as reviewed in section II.
The key observation here is that the Mach number M 
1 is always large for a typical AQNs entering the NS
atmosphere,
M ≡
√
v2⊥ + v
2
‖
cs
(18)
' 20 ·
(
1 MeV
kBT
)1/2
·
(
106 cm
RNS
)1/2
·
(
MNS
2 M
)1/2
is much larger than one. One can also consider the Alfve´n
Mach number MA defined in conventional way as:
MA ≡
√
v2⊥ + v
2
‖
vA
, (19)
where the Alfve´n velocity vA is given by eq.(10). As we
discussed in section IV A the Alfve´n velocity vA ' c is
very close to the speed of light in NS environment. At
the same time the nugget’s velocity vAQN ∼ c is only
a fraction of the speed of light. Therefore MA < 1 in
general. However, in close vicinity of the reconnection
region where the magnetic field strongly fluctuates the
Alfve´n Mach number MA > 1 could be larger than one
(locally), depending on specific details, including the ini-
tial direction velocity of the nugget. Indeed, the magnetic
field must change the direction at the point of reconnec-
tion, and therefore it must vanish (locally) at some point.
Therefore, the global characteristic (12) does not reflect
the local features of the system where β could be many
orders of magnitude larger due to the strong (local) fluc-
tuations of the magnetic field in the vicinity of (would
be) the reconnection area.
In a former case when M  1 and MA < 1 one should
expect the so-called “slow shock wave”, while in a latter
case when M  1 and MA > 1, very close to the recon-
nection region, one should expect the “fast shock waves”
[52].
C. FRB’S relevant parameters from the
AQN-framework perspective
In this subsection we shall argue that the key param-
eters (which have been estimated in [15, 16] by assum-
ing that FRBs are powered by magnetic reconnections in
NSs) are naturally emerging from our framework. The
procedure used in [15, 16] can be treated as the bottom-
top scenario when all key parameters are extracted from
the observations rather than from a theoretical computa-
tion based on the first principles (in which case it would
be considered a top-bottom scenario).
In our estimates above, we used two important param-
eters (magnetic field B and electron density n), hinting to
specific features of the environment for FRB explosions to
occur. In this subsection we consider few additional key
elements which were extracted from [15, 16] by assuming
that the FRBs are powered by the antenna mechanism
when the observed FRB’s radiation in radio wave bands
is generated by the so-called curvature radiation.
Before we proceed with the estimates we have to intro-
duce several relevant elements along the line advocated
in [15, 16]. To produce the observed FRB luminosity
Liso ∼ 1043erg s−1, electrons must form bunches and ra-
diate coherently. The size of a bunch in the direction
of the line of sight must not exceed λ/(2pi) ' 4.8ν−19 cm.
The radiation formation length is ρ/γ, where ρ is the local
curvature radius of the B field line and γ is the Lorentz
factor, which are defined in the conventional way. The
frequency of the radiation and the single particle curva-
ture power are given by the conventional formulae [62]:
ν =
c
2piρ
γ3, Pcurv ' 2e
2c
3ρ2
γ4, (20)
When the particle is moving towards the observer, the
isotropic equivalent luminosity is given by [15, 16]:
Lbunchiso ' γ4N2cohPcurv (21)
' (1.8 · 1040erg s−1)η2n218ν−29 ρ25
where γ ' 28ν1/39 ρ1/35 .
The maximum number of particles in one coherent bunch
is determined by the condition [15, 16]:
Ncoh ' pinγ2
(
λ
2pi
)3
' 2.8 · 1023n18ν−7/39 ρ2/35 . (22)
In estimates (21) and (22) we used the same number
density n = 1018n18 cm
−3 which enters our formula (12)
for estimates of the parameter β, and expressed all re-
lations in terms of the observable frequency ν9 defined
9as ν = ν9 GHz using relations (20). The factor η > 1
in eq. (21) accounts for non-coherence of the particles in
the transverse direction when the intensities (rather than
the amplitudes) of the radiation from different bunches
must be added.
The key dimensional parameter in these estimates is
the local curvature radius ρ which should be of order
ρ ∼ 105 cm ∼ 1 km to reproduce the observed FRB’s lu-
minosity (21). This parameter has been extracted from
bottom-top analysis in [15, 16] to match the observed
features of the FRB radiation. From the perspective of
the AQN framework the parameter ρ should be treated
as a typical distance where the nuggets are capable of
coherently generating the shock wave on a time scale ∆t,
which must be shorter than the observed 1 ms duration
of FRBs. Precisely this shock wave initiates the mag-
netic reconnection on huge distances of order ρ which
eventually powers FRBs.
Having estimated the relevant dimensional parameters
such as n = 1018n18 cm
−3 and ρ ∼ 105 cm ∼ 1 km
one may wonder if these parameters are consistent with
AQN framework advocated in the present work. To be
more specific, the question we want to address is as fol-
lows. The proton column density corresponding to these
parameters is ρn ∼ 1023cm−2. This is many orders of
magnitude larger than the proton column density for the
solar corona ∼ 1018cm−2 where most of the AQNs get
completely annihilated as reviewed in Sect. III. Is there
any inconsistencies there?
One should emphasize that there is no contradiction
between these parameters in two different systems be-
cause the magnitude of the column density does not com-
pletely describe the systems. The effective cross section
is also a crucial element in the estimates of the annihila-
tion rate. In fact, the interaction of the AQNs in these
two very different environments is also drastically differ-
ent. Indeed, the large effective cross section in the solar
system is due to the long range Coulomb forces for non-
relativistic AQNs with typical velocities vAQN ∼ 10−3c.
It should be contrasted with AQN velocities in NS en-
vironment with vAQN ∼ c as estimated in IV B. As the
Coulomb cross section behaves as 1/v4 the effective in-
teraction with solar protons from plasma is much more
efficient than with protons from NS’ s atmosphere. Es-
sentially, this implies that the protons from corona can
be effectively captured by AQNs, which greatly increases
the annihilation rate in the solar corona.
A relatively mild increase of the AQN ionization charge
∼ T 3/2 due to the temperature increase from T ∼ 102 eV
in the solar corona to T ∼ 106 eV in NS does not modify
the main conclusion that nuggets can easily enter the rel-
atively dense region with n ∼ 1018cm−3 developing the
shock waves. A complete annihilation is likely to occur
much later when the nuggets enter the very dense regions
close the NS crust. This qualitatively differs from the
solar system where the AQNs are expected to get anni-
hilated in the transition region with the altitude around
2000 km above the photosphere.
Now we return to our analysis of the time scale ∆t
where the nuggets are capable to coherently generate the
shock waves. The ∆t can be estimated as follows:
∆t ' ρ
v⊥
' 0.3 · 10−5 s ·
( ρ
105 cm
)
·
(
RNS
2.9 km
)1/2
×
(
M
MNS
)1/2
 τFRB, (23)
where v⊥ is determined by (16) and τFRB ' 10−3s is the
FRB duration. After the time ∆t the AQN enters the
very dense regions of the NS and ceases to produce any
radiation signature visible from outside the NS.
The time scale ∆t in estimate (23) should not be con-
fused with a typical duration of the FRBs. Rather, this
time scale (23) plays the same role as the duration of a
pre-flare stage in our analysis of the flares in solar corona.
The development of the flare itself represents the next
stage of the system’s evolution. Similarly, the magnetic
reconnection in FRBs is capable of developing over dis-
tances ∼ L, which can be estimated as follows
L ' v‖∆t ' 1 km ·
(
b
bcap
)
·
( ρ
105 cm
)
, (24)
where v‖ is determined by (15). This distance L should
be interpreted as a typical distance parallel to the NS
surface where the magnetic field’s configuration is pre-
pared for the reconnection and the AQN can initiate this
reconnection by playing the role of a trigger along the
trajectory L. This scale plays the same role as L in SP
analysis (see section IV A).
The total area A which is potentially the subject of the
magnetic reconnection is determined by the propagation
of the shock wave front and the speed of sound, and can
be estimated as follows:
A ' L · (cs∆t) (25)
' 0.1 km2
(
kBT
1 MeV
)1/2(
b
bcap
)( ρ
105 cm
)2
×(
RNS
2.9 km
)1/2(
M
MNS
)1/2
,
where we use expression (13) for the speed of sound cs.
This area represents a small but finite portion ∼  of the
NS surface, estimated as
 ' A
4piR2NS
' 10−4 for RNS ' 10 km. (26)
The total magnetic energy Etotmag(A) available for a FRB
due to the magnetic reconnection from the surface area
A can be estimated as follows
Etotmag(A) '

8pi
∫
d3xB2
' 1040erg
( Bsurf
1014 G
)2(
RNS
10 km
)3
(27)
where B ' Bsurf R
3
NS
r3
.
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This estimate unambiguously shows that the magnetic
energy (27) from a small area (26) is more than sufficient
to power FRBs with typical luminosity (21), generating
a total energy ∼ 1037erg over a duration time of order
∼ 10−3s.
One should comment here that the total energy of
a FRB in our framework is proportional to the area A
which will be swept by the passing shock wave. Shock
waves will always develop due to the large Mach num-
ber (18). They can initiate the FRBs when the AQNs
hit an active area of strong magnetic field gradient pre-
pared for reconnection. The corresponding probability is
suppressed by a small geometrical factor A/L2⊥, in close
analogy with arguments presented in section III C in rela-
tion with the solar flare analysis. This simple geometrical
argument suggests the scaling dN ∼ E−αdE with α ' 2
is consistent with Fig 1 covering the gigantic energy in-
terval for solar and star flares (see also footnote 3 with
some comments).
One should expect that the exponent α ' 2 for the
FRB scaling should be very similar to our analysis in
section III C related to the solar flares, as in both cases
the scaling has a pure geometrical origin. The observable
data (1) support this prediction of our framework when
FRBs are powered by magnetic reconnection triggered by
AQNs. Furthermore, the exponent α ' 1.8 quoted in (1)
is consistent with α ' 1.8 presented on Fig 1, covering
enormous range of energies for both solar and star flares.
It is very likely that the nature of the deviation from a
simplified argument given above (suggesting α ' 2) in
both cases, is related to the same physics, and we shall
not elaborate on the possible source for this deviation in
the present work. It is expected that the amplitude of the
frequency of appearance of the solar flares presented on
Fig 1 and FRB’s quoted in (1) should be different 4. How-
ever, as we shall see in Section 5, an overall shift along
the “y” axis of Fig 1 for energies Eiso ∈ (1037, 1040) erg
will match the FRB data quite well.
Another important parameter, which was estimated in
the bottom-up analysis of [15, 16], is the required in-
flow speed of reconnection, βinc, required to maintain
the coherent emission of the bunch and match the ob-
served FRB luminosity. The corresponding estimate of
βin gives a specific and unique prediction of the FRB
duration τFRB in the AQN framework as follows:
βin ≤ 1
4γ
⇒ τFRB ≈ L
βinc
≥ 4γL
c
(28)
' 0.4 · 10−3s ·
(
b
bcap
)
ρ
4/3
5 ν
1/3
9 ,
where L is determined by eq. (24) and interpreted as
4 In particular, the time scale to “prepare” the magnetic field con-
figuration for magnetic reconnection leading to the burst in NS
or the Sun is drastically different. Furthermore, the number of
AQNs entering the NS and the Sun, which may trigger the ex-
plosions, is also very different.
a typical distance where the magnetic field’s configura-
tion will be reconnected due to the AQN passing through
this region and initiating the reconnection along the tra-
jectory L. In the estimate (28) we express γ in terms of
the frequency ν and curvature radius ρ according to (21).
The estimate (28) is a highly nontrivial consistency check
for our proposal as it includes parameters from the AQN
framework as well as parameters extracted in [15, 16]
from a bottom-top analysis of FRBs.
One should comment here that the estimate on βin is
based on an approximate formula for the induced electric
field E‖ parallel to the original static magnetic B field,
i.e.
E‖ ' B sin θBβin, ~E · ~B ∼ B2 sin θBβin. (29)
The generation of E‖ is a required feature of the magnetic
reconnection mechanism. Concurrently, this electromag-
netic configuration where ~E · ~B does not vanish according
to (29) describes the dissipation of the magnetic helicity
H of the system as discussed in Appendix A. The exact
term with ~E · ~B 6= 0 is responsible for the FRB radia-
tion. The same term describes a slow dissipation pattern
of the Magnetic helicity. A numerical suppression of the
dissipation term ∼ ~E · ~B, as observed in numerical studies
reviewed in Appendix A, manifests itself in smallness of
the factor βin  1, as stated in (28).
One should mention that the duration τFRB is get-
ting shorter when the typical length scale L is getting
smaller. It happens when the impact parameter b is be-
coming smaller. In the AQN framework, it corresponds
to a smaller area A where the reconnection occurs (25),
which unambiguously implies a smaller luminosity for
FRB (which is directly proportional to the area accord-
ing to (27)). Therefore, in the AQN framework, a weaker
luminosity Liso corresponds to a shorter burst duration
τFRB. A similar estimate [24] for a duration of a solar
flare would give much longer time scale measured in hours
rather than in milliseconds (28) because the Alfve´n veloc-
ity vA ∼ 10−3c is much smaller in the solar corona than
in a NS where vA ∼ c. A typical length scale L in the
corona is measured in thousand of kilometres rather than
1 km scale, entering the estimate (28). This six orders
of magnitude difference is translated to drastic changes
in time scales from milliseconds bursts in NS to hours
for solar flares. Nevertheless, the physics in both cases is
very similar, and the scaling relation (1) with α ' 1.8 as
discussed above supports this conjectured similarity.
Finally, the AQN framework gives a very reasonable
ratio for the energy release in solar flares in comparison
to FRBs. In both cases the energy release is proportional
to the strength of the magnetic field and the area which
is swept by the passing nuggets igniting the reconnection.
A very simplified estimate can be expressed as follows:
ESolar flare
EFRB
∼
(
103 G
1014G
)2
·
(
105 km
1 km
)2
·
(
hSun
hNS
)
·γ2 ∼ 10−6,
(30)
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TABLE I. Summary of the four data sets used for our
comparison. ASKAP and GBT-BL correspond to the Aus-
tralian Square Kilometer Array Pathfinder and Green Bank
Telescope-Breathrough Listen respectively. The beam shape
is given in arcmin2, νc is the central frequency and ∆ν the
bandwidth. References correspond to papers where the data
used in this work can be found. The last two entries, Arecibo
and GBT-BL, are data of the repeater FRB121102. The first
two entries are the single bursts surveys.
Telescope Beam νc ∆ν
[arcmin2] [MHz] [MHz]
Parkes [65, 66] 7.5×7.5 1352 338
ASKAP [67] 30×6 1297 336
Arecibo [68] 1.75×1.75 1375 322
GBT-BL [64] 2.2×2.2 6400 4000
where hSun/hNS ∼ 104km/10km = 103 are the thick-
ness for the magnetospheres for the Sun and NS corre-
spondingly. In formula (30) we also included the γ ∼ 30
factor to account for the beaming corrected total energy
EFRB ∼ Eisoγ−2, instead of its isotropic equivalent. The
estimate (30) is quite reasonable as a typical solar flare
is characterized by an energy ∼ 1030erg to be compared
with the typical beaming corrected total energy of the
FRB ∼ 1036erg.
V. AQN PREDICTIONS CONFRONTING THE
FRBS OBSERVATIONS
We have seen in the previous section that the AQN
model provides a framework consistent with the theory
developed by [15, 16]. In this Section, we are confronting
our model to the currently known FRB statistics. This
is an extremely difficult task because it is only the be-
ginning of a new era of systematic observation of FRBs
(e.g. see Figure 2 in [63]). The statistics of current data is
small and surveys vary greatly in sensitivity, field-of-view
and frequency coverage. At this time, there are six tele-
scopes that have discovered FRBs, one which, CHIME
5 has only one single discovery and another, UTMOST
6 ,only six. We therefore focus on the other four, which
have better statistics, and, for three of them, relatively
similar frequency coverage. Table I lists the four tele-
scopes.
Our model can make predictions on the energy distri-
bution, burst duration and occurrence rate. As discussed
in the previous Section, the magnetic field sourcing FRBs
must be strong enough, larger than 1014 G, so that only
magnetars can be progenitors. We assume that FRBs
have a cosmological origin. If our model can explain sin-
gle bursts and the repeating FRB121102, it should make
5 https://chime-experiment.ca/
6 https://astronomy.swin.edu.au/research/utmost/
predictions that are verified independently by all FRBs.
All single bursts observed so far, and the Arecibo data
for FRB121102, can be found in a compiled catalogue 7.
The GBT-BL data for FRB121102 can be found in [64].
- Energy distribution: An estimation of the FRB
energy distribution can be obtained from the observed
peak flux density, duration of the burst and estimated
redshift. We should emphasize that the derived quan-
tities are subject to uncertainties. For instance, in the
case of single radio bursts, the position of the source is
unknown within the beam. As a consequence, the mea-
sured fluence Fobs should be treated as a lower bound of
the true value. We summarize below the steps that lead
to an estimated FRB energy EFRB:
• The observed fluence Fobs = Speak ×Wobs, where
Speak and Wobs are the observed peak flux density,
in [Jy], and width, in [ms], of the FRB respectively.
• A redshift of each FRB is estimated, from the
excess dispersion measure DMexcess = DMFRB −
DMgal, where DMFRB is the measured DM and
DMgal is the estimated DM. The redshift is given
by z = DMexcess/1200 pc cm
−3, where the denom-
inator is the estimated inter-galactic medium elec-
tron density [69]. This estimate is an upper bound
of the real redshift because it neglects the contribu-
tion of the FRB host galaxy to the measured DM.
• The energy of the FRB, EFRB is estimated from
the fluence Fobs, the observing bandwidth ∆ν and
the luminosity distance DL(z):
EFRB = Fobs ×∆ν ×DL(z)2(1 + z)10−26 erg (31)
Where Fobs is in Jy·ms, ∆ν in Hz and DL(z) in cm.
We are assuming a power law model dN(E) ∝ E−αdE,
which cumulative counts are given by N(> E) ∝ E1−α.
For all FRBs, energy is calculated from the fluence using
Eq. 31. The top panel of Fig. 2 shows the cumulative
energy count N > EFRB for the repeating FRB121102.
The solid line shows a power law fit to the filled circle
points which correspond to the Arecibo data [68]. The
slope of the fitted line is α = 1.78± 0.07. The filled dia-
mond points on the same panel show the GBT-BL data
[64] superimposed to the plot. A rescaling factor of 0.3
was applied to the amplitude to align the data with the
Arecibo fit. Although the central frequency is five times
higher for GBT-BL than for Arecibo (see Table I), and
the badwidth ∆ν is ten times larger, the two distribu-
tions have a similar power law slope. Even more surpris-
ingly, the same slope seem consistent with single bursts
events. The bottom panel in Fig. 2 shows the cumula-
tive counts for single bursts FRBs. The filled circle and
7 http://www.frbcat.org
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filled diamond points correspond to the Parkes [65, 66]
and ASKAP [67] data respectively. The solid line is not a
new fit, it is the fitted power law from the top panel, with
amplitude scaled to align the data points with the line.
The x-axis of the bottom panel is the derived FRB energy
EFRB. This is a highly indirect quantity which depends
on the dispersion measure and fluence as shown in Eq.
31. The fact that the same power law seem to describe
both FRB121102 and the single bursts is remarkable.
It is also remarkable that the slope is consistent with
the Solar Flare energy distribution shown on Figure 1.
This coincidence has a natural explanation in our model:
the Solar flares and FRBs are phenomena caused by the
magnetic reconnection ignited by the incoming AQNs
and, according to III C, the energy distribution slope α
has a simple geometrical origin which holds for all sys-
tems, including solar flares, solar microflares and FRBs.
This generic prediction of the model is the direct conse-
qunce of our framework when AQNs play the role of the
triggers which ignite the large flares in the Sun or FRBs
in the NS.
It is definitely consistent with our proposal that the
solar flares, microflares, the superflares, and FRBs have
a common origin where the exponent α ∼ 2 is the direct
consequence of the AQN framework when all these events
are triggered and sparked by the same DM nuggets with
the same features. It is a nontrivial prediction of our
framework that all newly founded FRBs, even with dif-
ferent instruments, should follow the same energy distri-
bution function.
Note that, for the single bursts FRBs, we only kept
the FRBs at galactic latitude b higher than |b| > 20 deg,
in order to minimize the galactic contamination on the
dispersion measure, but the result from the bottom panel
of Fig. 2 are only marginally changed if the lower galac-
tic latitude FRBs are included. We keep in mind that
the FRB energy count is still subject to large uncertain-
ties. Beyond the uncertainty on Fobs, the redshift esti-
mate relies on the proper removal of the Galaxy and the
host contribution to the dispersion measure, the latter is
neglected in the current estimates. Consequently, lumi-
nosity distance and EFRB are affected by not very well
known errors. It would be particularly interesting to see
if future data for single burst will continue to align with
the repeating burst energy counts as shown in the lower
panel of Figure 2.
- Flare intensity and duration: Our estimate for
the duration of the FRBs given by Eq.(28) is consistent
with a typical FRB event. Furthermore, according to
section 4, the flare intensity should be proportional to its
duration. The FRB opening angle is given by 2/γ, and
with γ ∼ 30, this corresponds to a beam size of ∼ 0.066
rad. The typical magnetar rotation period is approxi-
mately 1 − 10 sec. It means that the time it takes for
the FRB beam to sweep an observer on Earth is between
10 and 100 ms, but these number are upper bounds be-
cause they correspond to the optimal situation where the
emission is pointing straight to the observer at the max-
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FIG. 2. Top panel: FRB cumulative count for the energy of
the repeating FRB121102, from Arecibo (blue filled circles)
and the GBT-BL (green filled diamonds). The solid line shows
the best fit to the Arecibo points. The amplitude of the GBT-
BL points has been adjusted to align with the solid line, but
the slope was not changed. Bottom panel: FRB cumulative
count of the derived energy EFRB for single bursts. The blue
circles and green diamonds correspond to Parkes and ASKAP
data respectively. In order to limit the uncertainty from the
Galaxy dispersion measure, only FRBs with galactic latitude
b > 20 deg have been used here. The solid line is constructed
from the best fit of the top panel, the slope is unchanged, only
the amplitude is adjusted to fit the distributions.
imum intensity. Given that the observed FRB duration
is ∼ 1 − 10 ms, which is comparable to the visibility
window of the emission, it is expected that a fraction of
the flaring events will be truncated, so not all the energy
will be measured. This will happen when the emission
starts before, or end after, the beam becomes visible. It
is therefore not possible to check the relationship between
flare intensity and duration without a much better statis-
tics and a more sophisticated modeling of the geometrical
configuration.
-FRB occurrence rate: In our model, the FRBs
correspond to flares in magnetar atmospheres. With a
well defined progenitor population and the energy scal-
ing given by Eq. (30), it is possible to estimate an order
of magnitude for the observed FRB occurrence rate. The
argument goes as follows:
• Number of active magnetars: Only one out of ten su-
pernovae turn into an active magnetar. We follow [70]
which estimate the magnetar birth rate to be ∼ 0.2 per
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FIG. 3. Statistics of the four surveys used in this paper and listed in Table I. In all panels, cyan stars, red circles, blue
up-triangles and green down-triangles are for the ASKAP, Parker, Arecibo and GBT-BT surveys respectively. ASKAP and
Parkes apply to single bursts, and Arecibo and GBT-BL apply to the repeating FRB121102. Panel (a) shows the Fluence Fobs
versus burst duration Wobs. Panel (b) shows the burst peak intensity Speak versus Wobs. Panel (c) shows the estimated burst
energy EFRB versus the estimated redshift z using Eq. 31. The redshift of FRB121102 is z=0.193, which is the redshift of the
dwarf galaxy associated with FRB121102. Panel (d) shows EFRB versus Wobs.
century, and a total number of active magnetars to be
Nmag ' 20 on average in a galaxy.
• Frequency appearance: We need to know the ob-
served number of flares a magnetar experience per unit
of time. It is currently not possible to predict the intrin-
sic occurrence of flares because of the unknown physical
conditions in the plasma, the effect of turbulence and the
configuration of reconnection in the NS magnetosphere.
We will infer an estimate based on our model, which re-
lates FRBs to Solar flare energy via the scaling relation
Eq. (30). This equation is a prescription on how, in our
model framework, to convert a magnetar flare energy in
a Solar flare energies given the physical parameters at
play (size of the progenitor, strength of the magnetic
field and thickness of the atmosphere). We decided to
use 1039 erg as the minimum FRB rest frame flare en-
ergy to estimate a rate. Flares below this cut will not be
counted in our estimate. This value is justified by look-
ing at the bottom panel in Figure 2 which shows that
the energy ∼ 1039 erg corresponds to a cut off where the
single bursts surveys ASKAP and Parkes are loosing sen-
sitivity. Corrected from relativistic beaming with γ ' 30
this corresponds to an energy of ∼ 1036 erg. Using Eq.
(30), this corresponds to a typical Solar flare energy of
∼ 1030 erg. Our argument is that the rate of falling
AQNs triggering ∼ 1030 erg flares in the Sun is that rate
that triggers ∼ 1036 erg flares in magnetars. According
to [71], there is, on average, 10− 20 solar flares per year
above energy E > 1030 erg; 1030 erg approximately iden-
tifies the formal separation between micro-flares and nor-
mal/super flares. This corresponds to an average value
of N(E > 1030 erg) ' 0.04 flare per day for the Sun,
which, in our model, would be triggered by AQNs.
In order to apply this solar flare rate to the NS, we have
to take into account the fact that there is far less AQN
hitting a NS per unit of time than for the Sun, because
the impact parameter for the former is smaller. The ratio
of the number of AQNs hitting the Sun over the number
of AQNs hitting the magnetar per second is determined
by the ratio of impact capture parameters square, which
is given by the square of Eq (14), i.e. (bcap NS/bcap )
2
.
Putting the last two estimates together, we can write the
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daily rate fNS of giant flare on a magnetar in a given
galaxy as follows:
fNS = N(E > 1030 erg) ·
(
bcap NS
bcap 
)2
·Nmag
' 8× 10−6 day−1 ∼ 0.003 yr−1 (32)
• Daily occurrence of FRBs: The next step in our esti-
mates is to compute the FRB rate for the entire Universe.
To accomplish this task we have to multiply fNS by the
number of observable galaxies Ngal ' 1011. The last step
is to multiply by the probability the flare will be detected
on Earth. We have seen before that, in our framework,
the emission is strongly beamed and the γ-factor is of the
order ∼ 30, corresponding to beam width of δθ ∼ 2/γ.
The chance that the beam points towards us is given by
∆Ω
4pi
' δθ
2
4pi
∼ 3× 10−4 (33)
The predicted daily occurrence nFRB of FRBs can then
be estimated as
nFRB ∼ Ngal · fNS · ∆Ω
4pi
∼ 2.4 · 102 day−1, (34)
The actual FRB occurrence rate is not yet well known,
and it varies greatly as function of telescope sensitivities
and selection effects [72, 73]. Moreover, the occurrence
rate is usually quoted for a given survey fluence limit
and frequency band. Our approach is also different in
that our estimated rate depends on an arbitrary FRB
energy cutoff, and not an arbitrary Fluence cutoff. Our
estimate (34) is nevertheless in broad agreement with
current constraints on FRB rate [72, 73].
-FRB statistics: Figure 3 shows FRBs statistics from
the four surveys used in this study and summarized in Ta-
ble I. Panels (a) and (b) show how the measured quan-
tities, burst duration Wobs, peak intensity Speak, are re-
lated to the fluence Fobs. One clearly see that the data
for the repeating FRB121102 (up and down triangles) are
significantly lower energy than all single bursts. It is also
very clear from these two panels that the current sur-
veys do not overlap in terms of sensitivity and that the
selection function between them is very different. It is in-
teresting to note that the estimated burst energy EFRB
is significantly less for FRB121102 than for single bursts.
This is consistent with our framework where lower energy
bursts are much more numerous than high energy ones,
with power law E−α and α ∼ 1.78. We therefore do not
regard the lack repeating bursts, in association with sin-
gle bursts, as in contradiction with our model. Panel (c)
shows that the distribution of EFRB for FRB121102 is
indeed significantly below all single bursts energies. The
GBT-BL data points (green down-triangles) correspond
to much higher central frequency and larger bandwidths
than the other measurements (see table I. For this reason,
it is difficult to compare GBT-BL to the other data sets.
Nevertheless, it is interesting to notice that a reduction
of EFRB by a factor ten for the GBT-BL points (in or-
der to adjust the GBT-BL bandwidth to a value close to
ASKAP, Parkes and Arecibo) seems to align the GBT-
BL points with Arecibo (blue up-triangles) data points,
despite the difference of a factor five in their central fre-
quency. This can be seen in panel (d) where lowering the
down-triangles by a factor ∼ 10 brings them in the conti-
nuity of the up-triangle points. Overall, Figure 3 shows a
diversity in surveys sensitivities which still makes it dif-
ficult to infirm or confirm a common origin for all FRBs,
but at this stage, none of the current observations are in
contradiction with our framework.
VI. CONCLUSION AND FINAL REMARKS
We propose a scenario which provides a coherent emis-
sion mechanism for FRBs. It is based on the antenna
curvature mechanism, developed form a bottom-up ap-
proach by [15, 16], in the context of the Axion Quark
Nugget model. In this scenario, FRBs are at cosmolog-
ical distance and are emitted when an AQN from the
surrounding dark matter environment falls into the at-
mosphere of a magnetar, triggering magnetic reconnec-
tion and initiating a giant flare. Our study shows that
the energetics of the process is consistent with antenna
curvature mechanism and with current FRB constraints.
Magnetars are the central objects in our scenario because
very strong magnetic fields are required (B > 1014 G) in
order to maintain the emission mechanism coherent by
confining electrons along B lines in the quantizing mag-
netic field.
Our contrubution into this field is very modest: we
argued that AQNs play the role of the triggers which ini-
tiate large flare resulted from the magnetic reconnection,
as previously argued in refs.[15, 16]. We identify these
flares in NS with FRBs. The important point is that
this novel element of our proposal unambigoulsy predicts
the slope for the energy distribution as shown on Fig.
2. Furthermore, in our framework this slope must be
the same for the solar microflares, large flares and super-
flares, which is consistent with energy distribution shown
on Figure 1.
FRBs is a rapidly changing field [63], but they remain
mysterious objects. It is not yet possible to discrimi-
nate between the different FRB progenitors because of
the limited statistics [74]. Among the tests that could
discriminate our AQN scenario from others, we would
like to mention the following:
• The spectral signature will be a strong discrimina-
tor. So far, there is no known X-ray or high en-
ergy counterpart to FRBs. With the AQN model,
it is in principle possible to predict a precise wave-
length signature using MHD simulations, it is a ma-
jor topic left for future studies. It is interesting to
note that the antenna curvature mechanism in mag-
netar environment predicts a strong suppression of
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emission from scales smaller than the two-stream
current instabilities [16]. This corresponds to a cut
off frequency in the mm/infrared wavelengths. The
observation of direct counterparts at smaller fre-
quencies would invalidate the antenna mechanism
and therefore the AQN model as a source of FRBs.
• Our model unambiguously predicts a correlation
between the total energy flare and its duration. As
discussed in Section V, there are geometrical com-
plications which have to be modeled in order to this
prediction as a test, but this is a prediction unique
to the AQN model.
• Our AQN model does not make any distinction
between single and repeating FRBs. Flare bursts
should appear at random, when an infalling AQN
hits a region with magnetic field prepared for re-
connection. Our scenario therefore predicts that all
FRBs should be repeating, the frequency should be
driven by external conditions only (e.g. dark mat-
ter density, magnetic environment). So far, there is
only one known repeating FRB, FRB121102. It is
possible that a reason why other FRBs have not
been seen repeating yet, might be because they
were not observed long enough. It should be noted
that the highest energy of the FRB121102 bursts is
∼ 1039 erg, which is among the lowest energy of sin-
gle bursts. If we assume that the repeating bursts
of FRB121102 follow the same scaling ∼ E−1.78,
lower energy flares should be much more frequent,
and the rate Eq. (34) should be significantly higher.
In the AQN model, single and repeating bursts have
the same physical origin and their occurrence rate
should match the same power low for both, as sug-
gested in Fig 2. Better FRB statistics, e.g. with
CHIME, will soon test this hypothesis.
• We want to make few comments on polarization
properties, which carries valuable information on
the physical process at play. For instance, the re-
cent measurement of high rotation measure in a
single burst FRB [75] provides an independent in-
dication that FRBs are at cosmological distance.
Within our AQN scenario, the energy source comes
from magnetic reconnection fed by the helical mag-
netic field as discussed after eq. (29) and in Ap-
pendix A. The dissipation rate of the magnetic he-
licity dH/dt defined by eq. (A2) determines the
duration τFRB of the FRB as given by eq. (28). It
unambiguously implies that the FRB emission must
be linearly polarized with polarization directed (lo-
cally) along the external static magnetic field ~B
where FRB is originated. What then happens to
the polarization is a difficult question to answer, be-
cause of the many cosmological uncertainties along
the propagation path of the FRB emission before
it reaches the Earth. The question deserves future
studies and analysis before it can be used to test
the AQN scenario.
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Appendix A: Magnetic Helicity H and its role in
magnetic reconnection
The main goal of this Appendix is to overview some im-
portant results on the magnetic helicity which is a topo-
logical invariant, and represents the observable which
characterizes the dynamics of the magnetic reconnection.
Needless to say that the magnetic reconnection, accord-
ing to our proposal, plays the crucial role in transforming
18
the static magnetic energy into the bursts which result
in FRBs in the NS system, or flares in case of the solar
corona. The rate how the magnetic reconnection pro-
ceeds is precisely related to the rate how the magnetic
helicity varies and dissipates with time in a given sys-
tem. In other words, the time scale of the dissipation of
the magnetic helicity is directly related to the time scale
of the magnetic reconnection, and eventually to the time
scales (28) for τFRB for the NS and duration of the flares
in case of the Sun.
We start with definition of the magnetic helicity in
volume V which can be represented as follows [76]
H ≡
∫
V
~A · ~BdV, (A1)
where ~A is the vector potential corresponding to the mag-
netic field ~B = ~∇ × ~A. It is known that the magnetic
helicity H in general is not a gauge invariant observ-
able because the gauge potential ~A is not a gauge invari-
ant object. However, if one requires that the magnetic
field is tangent on the surface boundary ∂V of V , i.e.
~B · ~n|∂V = 0, the magnetic helicity becomes well defined
gauge invariant object, see e.g. [76].
In simplest case when the magnetic configuration can
be represented in form of two interlinked (but not over-
lapping) tubes with fluxes Φ1 and Φ2, the magnetic he-
licity H counts its linking number, i.e. H = 2Φ1Φ2 is
proportional to an integer linking number if fluxes Φ1
and Φ2 are quantized. This is precisely the reason why
the magnetic helicity is the topological invariant and can-
not be easily changed during its evolution. In fact, the
crucial property of the magnetic helicityH is that it is ex-
actly conserved during the time evolution in ideal MHD
[76]. It is also known that the magnetic helicity H is
odd under the P symmetry corresponding to : ~x → −~x
transformations. Furthermore, it is known that in most
astrophysical systems, including the NS, the magnetic
helicity H is very large. This implies that the magnetic
helicity can be only induced if there are P violating pro-
cesses producing a large coherent effect on macroscopic
scales. We do not address in the present work the ques-
tion on how the magnetic helicity was generated in the
first place in NS referring to the recent proposal [77] for
review and references. Instead, our goal here is to study
how the magnetic helicity H evolves and dissipates as a
result of the magnetic reconnection.
The magnetic helicity H is measured in [Mx2], where
[Mx] is a unit of magnetic flux in Gaussian units, i.e.
[Mx] = [G · cm2]. In what follows we also need the ex-
pression for the temporal variation of magnetic helicity
as it is directly related to the dissipation rate. Differen-
tiating of eq. (A1) one arrives to
dH
dt
= −2
∫
V
~E· ~B dV+
∫
∂V
~JH·d~S, ~JH ≡ 2 ~A× ~E+ ~A×∂
~A
∂t
,
(A2)
see e.g. [78],[79] with explicit derivations. The key point
for our discussions is that the volume integral precisely
describes the dissipation of the magnetic helicity H and
it identically vanishes in ideal MHD where ~E = −~v × ~B.
The second, surface term is irrelevant for our studies as
it describes the transformation of the magnetic helicity
from one form to another and is expressed in terms of
the boundary terms. The expression for ~JH can be inter-
preted as the magnetic helicity current.
The key observation for our studies is the fact that the
dissipation term in (A2) is proportional to ∼ ~E · ~B which
is precisely the E&M configuration reconstructed from
the requirement to match the FRB radiation during the
burst due to the magnetic reconnection as formula (29)
states. As explained in the text the induced electric field
parallel to the original static magnetic field is absolutely
required feature for the successful magnetic reconnection.
The only additional comment we would like to make
here is that only a small amount8 of the total helicity
dissipates during the reconnection. It is in line with ar-
guments of refs. [15, 16] and with our estimates in Section
IV C that parameter βin must be numerically small. In
fact, one can argue that smallness of the parameters βin
entering (28) and (29) reflects the main feature observed
in numerical analysis of refs [78],[79] that the dissipation
is numerically suppressed and represents a few % effect.
8 To be precise, ref.[79] states that 8% of the total injected helic-
ity −8.5 · 1042Mx2 will dissipate as a result of non-ideal MHD
with fast magnetic reconnection. For comparison, according to
[78] the dissipated helicity represents less than 3% of the initial
helicity.
